amount of P, Ca, Al and Fe found in the filtrate of each step was considered to be extracted. The 149 overall % of P extraction was calculated as:
Where V acid and V alkaline were the volumes of filtrates recovered after each extraction, C P-acid and C P-151 alkaline the concentration of P in these filtrates, C P-ash-alkaline the P-concentration in the dry ash after the 152 alkaline extraction, whereas m ash-start , m ash-acid and m ash-alkaline were the mass of dry ash at the 153 beginning and at the end of each extraction. The reason for the inclusion of the ratio between m ash-154 acid and m ash-start , multiplying the second term in the dividend and the divisor, was to extrapolate the 155 result of the alkaline extraction step to all the bulk dry ash mass after the acid extraction. The same 156 equation was used to calculate Ca, Al and Fe extraction. adjusted to <2 with HNO 3 5M, to avoid precipitations due to the production of OH− by the 183 electrode reaction at the inert cathode.
184
At the end of each step, the ash suspension was filtered at atmospheric pressure, and after the first Catholyte (in the first step) and anolyte (in the second step) samples were taken in 20 mL vials The ED experiments were evaluated in terms of rates of P recovery and the impurity level of the 202 obtained product.
The amounts of P found in the anolyte of the 1 st and 2 nd steps were considered as recovered, since 204 they were expected to be solutions rich in this element and depleted of impurities like metallic 205 cations. The overall % of P recovered was calculated as:
And the amount of P in the anolytes was calculated as:
Where V 1st step and V 2nd step were the volumes of anolyte at the end of each step, C P-1st step and C P-2nd 209 step the concentration of P in the anolytes for each ED step, whereas m ash-1st step and m ash-2nd step-start 210 were the mass of dry ash at the end of the 1 st step and at the beginning of the 2 nd step, respectively.
211
The inclusion of the ratio between m ash-1st step and m ash-2nd step-start multiplying the second term was 212 used to extrapolate the result of the 2 nd ED step to all the bulk dry ash mass after the 1 st step.
213
In order to assess the amount of impurities in the recovered P, it was compared to wet process 214 phosphoric acid (WPA), the product of leaching phosphate rock with sulfuric acid [47] which is 215 applied to over 70% of mined phosphates [48] . A common parameter to evaluate the suitability of 216 WPA in the fertilizer industry is the minor element ratios (MER), defined as:
Additionally, the amount of P bound to Ca and Al/Fe(III) in the bulk SSA at the beginning and at 218 the end of the 2 nd step were estimated by: the inhomogeneity of its concentration in the ashes, with some results below LOD (Table 2) ; 246 however, the results show a high degree of solubilisation, equivalent to 0.6, 1.6 and 3.0 mg/kg of 247 drySSA at pH 11.5, 13.0 and 13.3, respectively. Fig. 2 shows the results for Al, P and Ni, as the 248 most remarkable results, as they are well above 5% in at least one of the alkaline extractions. and 120%, which is probably due to the inherent inhomogeneity of the SSA (Table 2 and Section 308 3.1). Concentration measurements which were below the LOD used in the ICP analyses (0.02 309 mg/L), were considered to have this value, except for the anodes and the 1 st step catholyte prior to 310 applying the electrical current which were considered to be zero. This arrangement affected several 311 measurements in the cathode compartments for Cr, Cu, Ni and Pb and, together with Cd, in the 312 anolytes. The reason was to be able to calculate the mass balances and the worst-case value for 313 other important parameters in the present work like the heavy metal to P ratio in the anolytes. The overall impact of these approximations was small: below 2.5% of the total final element mass found 315 at the end of the ED experiments. Table 1 . towards the cathode with longer treatments (Fig. 3, and [19] ), due to the formation of positively 333 charged Fe-P and Al-P complexes. Therefore, a higher recovery cannot be expected with a longer 334 duration of a single ED stage using the configuration of the 1 st step. step". Despite that, a higher amount of P was recovered to the anolyte in the 2 nd step compared to 342 the 1 st step for all three experiments (Fig. 3) , which is consistent with the results of the second step 343 of the acid-alkaline extraction (Table 3) .
344
As seen, a lower pH in the first step (Table 1) implied a higher recovery of P mass in the anolytes 345 (Fig. 3) . The amounts of P recovered in the 2 nd step (Fig. 3) were similar (~350 mg) for the three 346 experiments, and below the estimated amount of P bound to Fe(III)/Al in the bulk SSA at the 347 beginning of this step (Table 4 ). In fact, Fe(III)-or Al-P bindings would still be predominant in the (Table 4) . Considering a valence of three, 350 mg of P 349 represent a transport number of around 0.25 in the 2 nd step. A reason for this low migration can be a 350 low solubilisation in the cathode compartment, as a higher amount of P was bound to Fe(III) or Al 351 in the ashes (Table 4 ) than found in the cathode compartment at the end of the 2 nd step (Fig. 3) . In 352 order to increase P mobilisation from these SSA, longer remediation times or higher initial NaOH 353 concentrations could be used, although it requires further study. The total mass of P recovered in experiment B was 600 mg (Fig. 3) , with a total remediation time of 359 124.5 h. This amount doubled the results of running only the 1 st ED step for 125 (1 st step of 360 experiment A) and 168 hours (see the beginning of this section), even though not all bulk SSA was 361 used in the 2 nd step, and confirms its potential to treat these SSA. P-recoveries in experiments A, B 362 and C were 62, 70 and 54%, respectively. The reason for the lower % P-recovery in experiment A 363 than B, despite a higher amount of P recovered, is primarily due to the higher content of P in the 364 initial ash (Fig. 3) .
Characterisation of the recovered P-rich liquid 367
The P concentrations in the anolyte after the 2 nd step were 1.7, 1.3 and 1.0 g/L for A, B and C 368 respectively ( Fe and Mg ratios to P were below or in the range of WPA values for all experiments, except for Fe/P in experiment A (Table 5 ). Similarly to the acid-alkaline extraction (section 3.2), the high pH in the 2 nd step enabled an 384 effective separation of P and most heavy metals .As it can be seen in Table 5 , the heavy metal to P 
397
). This must be taken into account in future research addressing ED recovery of P from SSA with 398 higher concentration in As.
399

Conclusions
400
In the present work, up to 70% of P was recovered from low-temperature gasification SSA using an 401 innovative ED sequential process. The SSA had a high proportion of Fe(III)-P bindings . The result 402 is a considerable improvement for extraction of P from these SSA compared to treatment in a single 403 2-compartment ED cell, where the recovery was less than 30%.
404
Phosphorus was effectively separated from Al, Ca, Fe, Mg and most heavy metals. This was 405 partially due to the alkaline pH of the ash suspension in one of the steps of the ED treatment, where 406 P bound to Fe(III) and/or Al was extracted and most metals were insoluble. The final product was 407 an acidic P-solution with a metal content comparable to WPA, and a combined impurity level of Al,
